Abstract. Recently, morphing concepts for UAV or MAV have been significant issues in aerospace engineering. Morphing wing concept, a biomimetic technology in aerospace engineering, has been realized by various methods including changes of wing's cross-section, plan form, and spar position. This paper investigates a morphing wing with variable camber using SMA actuators. The test model is a symmetric wing structure composed of two tapered graphite/epoxy composite plates and a steel body. Shape memory alloy (SMA) is attracting much attention as actuators for controlling the shape of structures because of high recovery force and large deformation. Four pairs of the SMA wire actuators are attached on the bottom surfaces of the wings in the chord-wise direction. SMA actuators produce enough deformation to cause significant improvement the static and dynamic characteristics of the wing model. Lift and drag forces, most important static aerodynamic characteristics, were measured at various angles of attack. Lift of the wing was increased without increasing drag forces when electric current was applied to the SMA actuators. Dynamic vibration signals were measured by FBG sensor at the root of the wing. The FBG sensor was successfully applied to the monitoring of the aeroelastic unstable phenomena at various angles of attack. At flutter speed, limit cycle oscillation with constant frequency occurred. It was also observed that the vibration energy is concentrated on the flutter mode and increased with the increase of the airflow speed. The effects of the angle of attack on aeroelastic characteristics of the wing were investigated. The amplitude of the limit cycle oscillation was significantly reduced at the flutter velocity when SMA actuators were activated.
Introduction
Shape memory alloy (SMA) is one of the attention-getting actuators for smart structures due to two unique effects, which are known in the literature as the shape memory effect and pseudoelasticity [1] . These characteristics are resulted from phase transformations between martensite and austenite phases induced by temperature or applied stress changes. Thermal and mechanical properties of SMA present exciting design possibilities in diverse engineering fields.
There have been many studies to describe the thermo-mechanical behaviors of SMA wires with onedimensional constitutive models. Numerical models of SMA wires proposed by Tanaka [2] , Liang and Rogers [3] and Brinson and Lammering [4] are the most popular and commonly exploited ones. Zak et al. [5] the shape memory and the superelastic behavior of SMA components. High recovery forces and large displacements make SMA employed in many applications such as the devices for active vibration control and shape control. Salichs et al. [6] suppressed the vibration of building structures using SMA as an energy dissipation device. Baz et al. [7] studied the active vibration control of a flexible beam using shape memory actuators. Oh et al. [8] used the SMA wires and the piezo ceramics to control the shape of parallel double plate structures. Choi and Lee [9] performed experimental and analytical studies on shape control of a flexible composite beam with embedded SMA actuators. It was shown that the SMA actuators could alter the deformed shape of composite beams that were subjected to external and thermal loads. Yang et al. [10] applied PID control algorithm to the shape control of the SMA-hybrid composite beam in order to overcome some disadvantages of the SMA actuators, such as slow response and steady state error.
Recently, morphing concepts for unmanned aerial vehicles have been significant issues in aerospace engineering [11] . Morphing structures have been realized by various methods including camber change, wing's cross-section change, and spar change [12] . SMA actuators are quite suitable for morphing wing due to its high recovery forces, large deformations and small volume. However, in order to apply SMA actuators to shape variable wings, active control should be thoroughly investigated. Most previous researches on the shape control of composite structures have been performed for the embedded SMA actuator cases. However, it is difficult to fabricate the structure with embedded SMA actuators with high reliability and electrical resistive heating for actuator activation may cause the crack in structures or debonding of SMA actuator from the structures. That is the reason why the most previous studies have focused on the numerical analysis only. This paper investigates the aeroelastic characteristics of a Smart Composite Wing. A test model of Smart Composite Wing is fabricated to study the feasibility of the morphing using SMA actuators and improve the aerodynamic performances of the wing by chord-wise deformation. Static aerodynamics, lift and drag of the wing were observed for various electric powers applied to the SMA actuators. Using a fiber bragg grating (FBG) sensor technology [13, 14] , the strain signals at the root of the wing were measured with respect to fluid speeds. The flutter velocity of the wing was determined according to the spectral densities of the FBG signals. Finally, the amplitude of the limit cycle oscillation could be significantly reduced at the flutter velocity by activating the SMA actuators. 
Smart composite wing
To realize the morphing wing, SMA actuators and a FBG optical fiber sensor are used with Graphite/Epoxy composite plates. The wind-tunnel test model is composed of a steel fixture, two tapered Graphite/Epoxy plates, a FBG sensor, and four pairs of SMA actuators as shown in Fig. 1 . The steel center fixture clamps two composite plates and connects the model to the six component pyramidal balance which can measure the six aerodynamic forces. Each pair of SMA actuators consists of two wires in parallel and is attached to the lower surfaces of the wings using bolt joint connectors. Each set of bolt-joint connector has three brass connectors, two bolts and nuts. The FBG optical sensor is located near the root of the lower surface of the left wing.
Shape memory alloy actuators
In this research, Flexinol manufactured by Dynalloy Inc. was selected as actuators. Flexinol is a nickel titanium alloy and its diameter is 0.15 mm (0.006 inches). Several experiments have been performed to observe the thermo-mechanical properties of the Flexinol . Stress-strain relations and recovery forces of the Flexinol were measured with respect to the temperature variations as shown in Fig. 2 . Loading and unloading tests at several constant temperatures were performed using INSTRON universal testing machine 5583 and INSTRON SFL thermal chamber. Recovery forces were measured under the fixed conditions at both ends of the SMA wires and electric powers were applied to the SMA wires to increase the temperatures. Thermocouple and load cell were used to measure the temperature and recovery forces, respectively. It was found that the SMA actuator can generate maximum 18 N forces in axial direction. Figure 3 illustrates the basic principle of a FBG sensor, namely the measurement of Bragg wavelength shift. Therefore, it is essential to measure the Bragg wavelength shift as fast as possible in order to detect high frequency dynamics of the structure. Recently, an interrogation technique based on the wavelength-swept fiber laser (WSFL) was developed. The strain can be calculated using Eq. (1) under the constant temperature assumption.
FBG optical fiber sensor
where, ε is a mechanical strain, p e a photoelastic constant, λ B Bragg wavelength, and ∆λ B Bragg wavelength shift, respectively. In this study, WSFL (FiberPro, IS7000) is used to measure the dynamic signals.
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Static deformation
Static deformations of the Smart Composite Wing were measured for various applied electric powers to confirm the achievement of chord-wise deformations. Two channel high current power supply (TOELLNER, TOE8852-16) with maximum output of 160 Watt (maximum 16 Volts and 10 Amperes) per each channel was used to increase the temperature of the SMA actuators by the electric resistive heating. The deformed shapes of Smart Composite Wing are shown in Fig. 4 . Maximum transverse deflections were 0.72, 2.04, and 3.96 mm when the applied currents were 0.4, 0.5, and 0.6 Amperes, respectively. 
Wind tunnel tests
The Smart Composite Wing fabricated with graphite/epoxy plate, SMA actuators, and FBG optical sensor was tested in the subsonic wind tunnel (Aerolab). Static and dynamic performances of Smart Composite Wing were measured. Overall experimental setup is shown in Fig. 5 . The Smart Composite Wing was installed on the balance. In this research, six-component pyramidal balance manufactured by AeroLab in US was used to measure the steady aerodynamics. High current power supply was used to activate SMA actuators. Vibration signals of Smart Composite Wing were measured by the FBG optical sensor. Through the WSFL system, the Bragg wavelength shift was measured and data was transmitted to PXI 1042 (NI) to be stored using USB.
Steady aerodynamics
The first objective of the Smart Composite Wing is to increase the static performance of the wing using morphing concept. Static aerodynamics of the wing, Lift and Drag, were measured at constant air speed, 10.0 m/sec. Figure 6 shows the steady lift forces and lift-drag ratio of the wing with respect to the applied electric currents to the SMA actuators. Higher electric current yielded the larger deformations of the camber lines. The Smart Composite Wing showed almost zero lift forces at −1 degrees angle of attack because of pre-deformation of the wing induced by gravity force acting on the bolt joint connector. When the wing was deformed by SMA actuators, lift is increased but drag is not much changed. From Fig. 6(b) , it is found that the aerodynamic performace of Smart Composite Wing is improved when SMA actuators are activated.
Limit cycle oscillations
The second objective of this research is to investigate the flutter phenomena and the effects of the angle of attack of the wing. To measure the flutter speed of the Smart Composite Wing, strain signals were measured using the FBG sensor attached on the lower surfaces of the Wing. Figure 7(a) is the time histories of the measured strain signals at zero angle of attack. At zero airflow speed, strain is minus due to gravity force; minus strain means compression. As airflow speed is increased, the average values of the strain increased due to lift forces. At low airflow speed, small vibration was observed and when the air speed reaches 23.1 m/sec, limit cycle oscillation with constant frequency occurred. Power spectra of the strain against airflow speed are shown in Fig. 7(b) . It can be found that the vibration energy is concentrated on the flutter mode and increased according to the airflow speed. The frequencies of the second peaks are twice of the first peaks. A change of the dynamic characteristics appeared when the airflow was around 23.1 m/sec, which was considered as the flutter speed. Another important phenomenon of the flutter is the changes of the modal frequencies. Figure 8 shows the close look of the power spectra around the dominant peak. The frequency of the limit cycle oscillation decreased as the airflow speed increased. This means that the flutter occurred by the merge of the second (16.2 Hz) and the third (33.4 Hz) modes of the wing structure, while the third mode was dominant. The flutter speeds at various angles of attack have been similarly determined and the results are listed in Table 1 . As angle of attack increased, the flutter speed decreased. 
Stabilization of limit cycle oscillation
The third objective is to suppress the amplitude of the limit cycle oscillation induced by flutter phenomena. Generally, the modulus of shape memory alloy under austenite phase is about 2 or 3 times than martensite phase. When SMA actuators are activated by electric resistive heating, chord-wise stiffness of the Smart Composite Wing can be increased. The changes of the dynamic characteristics of the Smart Composite Wing due to SMA actuators were observed at the flutter speed. In this case, 1.2 ampere current was applied to the SMA actuators. Figure 9 shows the comparisons of the power spectra of two cases at various angles of attack. When SMA actuators were activated, the amplitude of the flutter mode was significantly reduced.
Conclusion
In this study, a Smart Composite Wing whose chord-wise shapes can be changed was fabricated using shape memory alloys and an FBG optical fiber sensor. Shape memory alloy actuators made enough deformation to improve the static and dynamic characteristics of the wing. The FBG sensor was successfully applied to monitoring the aeroelastically unstable phenomena. Lift of the wing was increased when electric power was applied. Flutter speeds were determined using FBG sensor signals and it was found that the angle of attack had great effects on the flutter speed. Finally, the amplitudes of the limit cycle oscillation were successfully reduced by SMA actuators at the flutter velocity. In summary, this study shows the feasibility of a Smart Composite Wing with integrated smart sensors and actuators. It is expected that this Smart Composite Wing concept can be applicable to UAV (unmanned aerial vehicle) or MAV (micro aerial vehicle) because of their relatively simple and less stiff wing structures.
